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Abstract
Background:

It remains unknown whether the cutaneous microvascular responses are different between patients with
scleroderma-associated pulmonary arterial hypertension (SSc-PAH) and SSc without pulmonary
hypertension (PH).

Methods:

We included 59 patients with SSc between March 2013 and September 2019. We divided patients into 4
groups: a) no PH by right heart catheterization (RHC) (n=8), b) no PH by noninvasive screening tests
(n=16), c) treatment naïve PAH (n=16) and d) PAH under treatment (n=19). Microvascular studies using
laser Doppler �owmetry (LDF) were done immediately after RHC or at the time of an outpatient clinic visit
(group b).

Results:

The median (IQR) age was 59 (54-68) years, and 90% were females. The responses to thermal and post
occlusive reactive hyperemia, acetylcholine, and sodium nitroprusside iontophoresis were similar among
groups. The microvascular response to treprostinil was more pronounced in SSc patients without PH by
screening tests (% change: 340 (214-781)) compared with SSc-PAH (naïve + treatment) (Perfusion Units
(PU) % change: 153 (94-255) % [p=0.01]). The response to A-350619 (a sGC activator) was signi�cantly
higher in patients with SSc without PH by screening tests (PU % change: 168 (46-1,296)) than those with
SSc-PAH (PU % change: 22 (15-57) % [p=0.006]). The % change in PU with A350619 was directly
associated with cardiac index and stroke volume index (R: 0.36, p=0.03 and 0.39, p=0.02, respectively). 

Conclusions:

Patients with SSc-PAH have a lower cutaneous microvascular response to a prostacyclin analog
treprostinil and the sGC activator A-350619 when compared with patients with SSc and no evidence of
PH on screening tests.

Introduction
Systemic sclerosis (SSc) is a complex immune-mediated connective tissue disease characterized by
�brosis and thickening of the skin as well as vascular abnormalities such as pulmonary hypertension
(PH) including pulmonary arterial hypertension (PAH), Raynaud phenomenon with or without digital
ulcers, telangiectasia and scleroderma renal crisis (1, 2). PAH is a condition characterized by progressive
remodeling of the pulmonary arteries that eventually leads to right heart failure and death (3). PAH is a
leading cause of mortality in SSc, with a death rate of around 50% at 3 years (4, 5). In the last decades,
we experienced important advances in the treatment of SSc associated PAH (SSc-PAH); however, despite
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the availability of effective treatments, mortality remains high and survival curves are worse than in
idiopathic PAH (6).

The most recent proceedings from the World Symposium on Pulmonary Hypertension (WSPH)
recommend risk assessment as a tool in informing treatment decisions (7). In general, patients with low
or intermediate-risk are started on upfront oral combination therapy; while patients at high risk should
receive a combination regimen that includes parenteral prostacyclin analogs (7). This treatment
approach considers the severity of PAH, but it does not incorporate biological mechanistic information,
which is necessary for a re�ned patient-oriented treatment approach that has the goal of providing the
best available care for each individual. As seen in other conditions, such as cancer, there is a growing
interest in precision medicine, where treatment selection is based on mechanistic abnormalities. This
precision medicine approach in treating certain cancer patients is bene�cial in improving outcomes,
reducing unnecessary treatments, and their side effects (8).

Currently, there are no established ways to test certain mechanisms of disease in a patient with PAH. We
have previously shown that the cutaneous microvascular response to treprostinil iontophoresis is reduced
in patients with idiopathic PAH compared to controls (9) supporting that abnormalities in the pulmonary
vasomotor biology may be associated with alterations in the cutaneous microvascular vasodilatory
response (10). Several other studies have shown evidence of extrapulmonary vascular involvement in
PAH (11-14). In patients with SSc (2), abnormal nailfold capillaroscopy �ndings were more prevalent and
severe in patients with SSc-PAH compared with SSc without PAH, furthermore abnormal nailfold capillary
changes and avascular areas scores correlated with mean pulmonary artery pressures (15, 16).

In the present study, we investigated whether the cutaneous microvascular response to local
hyperthermia, temporal vascular occlusion, and several vasoactive drugs using iontophoresis is different
in patients with SSc with and without PAH. We hypothesized that patients with SSc-PAH have a more
pronounced cutaneous microvascular dysfunction than SSc patients without PH and that certain
microvascular responses may provide an insight into the mechanisms of PAH in patients with SSc.

Methods
a) Subjects selection and Study Design:

The study was approved by the institutional review board of the Cleveland Clinic (IRB # 11-441). All
subjects provided written informed consent. We conducted this cross-sectional study between March
2013 and September 2019. We included patients who met the 2013 criteria for SSc by the American
College of Rheumatology (ACR) and European League Against Rheumatism (EULAR)(17) and underwent
right heart catheterization (RHC) at our institution and were found to have PAH based on the de�nition of
the 6th WSPH(18) (i.e. mean pulmonary artery pressure (PAP) of > 20 mmHg, pulmonary artery wedge
pressure (PAWP) ≤ 15 mmHg, and pulmonary vascular resistance (PVR) ≥ 3 Wood Units).
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We also included patients with SSc without PH that were identi�ed as having mPAP ≤ 20 mmHg during
RHC. RHC in these individuals was done for clinical suspicion of PH, in the context of RVSP > 40 mmHg,
unexplained dyspnea, or decline in their diffusion capacity of carbon monoxide (DLCO). Furthermore, we
recruited SSc patients from the scleroderma clinic (S.C and K.H) who had no evidence of PH on non-
invasive screening tests. A low probability of PH on echo was based on a comprehensive evaluation that
included peak tricuspid regurgitation velocity ≤ 2.8 m/s, normal right ventricular (RV) size and function,
normal right atrial (RA) size, no evidence of mid-systolic notching, normal RV out�ow Doppler
acceleration time, and normal size and collapsibility of the IVC (19, 20). We excluded patients with
signi�cant ILD (≥ 20% �brosis on high resolution computed tomography of the chest or forced vital
capacity (FVC) < 70% (21). Furthermore, we excluded 3 SSc patients with mPAP between (21-24 mmHg)
with PVR < 3 Wood units, and 5 SSc patients with post-capillary PH (PAWP > 15 mmHg).

b) Right heart catheterization:

The RHC was done in the outpatient setting under local anesthesia (2% lidocaine). We kept patients on
their usual amount of oxygen supplementation or started oxygen in those with pulse oxygenation
saturation (SpO2) < 90%. Patients had nothing by mouth (NPO) for at least 4 hours and refrained from
smoking and caffeinated beverages for at least 12 hours. Hemodynamic determinations were obtained at
end-expiration using waveform tracings. Pressure transducers were zeroed at the 4th intercostal level of
the mid-axillary line.

c) Microvascular studies:

Cutaneous microvascular studies were done immediately after the RHC, in a sitting position, and after at
least 15 minutes of relaxation while in a quiet room with a stable temperature (72° F). Microvascular
investigations were done in the following sequence: iontophoresis of vasoactive agents (Treprostinil, a
soluble guanylate cyclase activator (A350619), acetylcholine and sodium nitroprusside), post-occlusive,
and local thermal stimulation. Analysis of the microvascular studies was done using the PeriSoft
software (Perimed, Stockholm, Sweden).

The PUs were measured with laser Doppler �owmetry (LDF) as previously described (2, 9, 10), using the
PeriFlux System 5000 and PeriSoft software version 2.5.5 (Perimed, Stockholm, Sweden). For every
experiment, we placed the electrodes on different places of the left forearm, after we identi�ed a suitable
skin area in the ventromedial forearm, away from visible veins, skin cuts, tattoos or sclera-dermatous
changes. The skin was prepped using 70% isopropyl alcohol. The laser probe was calibrated following
the manufacturer’s instructions. A drug delivery electrode (PF 383) was embedded with (0.25-0.30 mL) of
the vasoactive agent of choice and then a speci�c protocol was followed for each medication.
Treprostinil (United Therapeutics Corporation, Durham, North Carolina, USA) 1 mg/ml was delivered using
negative polarity and a current of 20 mA for 30 minutes. A350619 hydrochloride (Santa Cruz, Dallas,
Texas, USA) 7.5mM solution was delivered using positive polarity and a current of 100 mA for 20 minutes
followed by 10 minutes of observation. Acetylcholine (Sigma-Aldrich, St. Louis, Missouri, USA) 1%
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solution was delivered using positive polarity at a current of 40 mA for 5 minutes. Sodium nitroprusside
(Marathon Pharmaceuticals, Northbrook, Illinois, USA) 1% solution was delivered using negative polarity
at a current of 40 mA for 5 minutes. Care was taken to ensure a good skin-probe connection and stability
of the patient arm to avoid artifacts. We averaged 30-second recording of a steady, artifact-free perfusion
unit strip and recorded skin temperature at baseline and peak perfusion. In addition, we documented skin
resistance and circuit voltage 1 minute after starting the iontophoresis of each medication. The
mechanism of action of the different vasoactive agents delivered by iontophoresis is illustrated in �gure
1.

Post occlusive reactive hyperemia was done on the left arm using an integrated laser probe (PF413), a
thermostatic probe holder (PF450), and a pressure unit (PF5050). After observing a steady resting
perfusion determination for one minute, we in�ated the arm cuff to 180 mmHg, occluding the vascular
�ow for 3 minutes. In cases in which the systolic blood pressure was higher, the cuff pressure was raised
10-20 mmHg above systolic blood pressure. The PUs were recorded for 1 minute at baseline �ow, 3
minutes during occlusion, and one minute after cuff de�ation. We measured resting �ow (RF), biological
zero (BZ), peak �ow (PF), percent change between BZ and PF and between RF and PF and time to
maximum perfusion TM, time to half hyperemia (TH1), time to the half recovery (TH2), area under
occlusion (AO), area under hyperemia (AH), and the ratio (AO/AH). (22)

Thermal hyperemia was performed using an integrated laser probe (PF413), a thermostatic probe holder
(PF450). After 2 minutes of a steady consistent baseline, the temperature of the skin was increased to
43.9 °C within one minute and changes in PUs were recorded over 20 minutes (23).

d) Statistical analysis:

Continuous data are presented as median (interquartile range (IQR)). Categorical data are summarized as
discrete values and percentages (n (%)). Results of the iontophoresis tests are expressed as peak PUs,
percentage of variation from baseline, and percentage of maximum thermal hyperemia. Results of post
occlusive and thermal hyperemia are expressed as peak PUs and percentage of variation from baseline.
Continuous and categorical variables were compared between the study groups using Kruskal-Wallis and
Fischer exact test as appropriate. Relationships between variables were assessed using the Spearman
correlation coe�cient. Receiver operating curves we created using the presence of PAH as a classi�cation
variable and reporting area under the curve (AUC) with 95% con�dence interval. Pairwise comparison of
the different AUC was provided (24). All p values are two-tailed and a value of < 0.05 was considered
signi�cant. The statistical analyses were performed using the statistical package IBM SPSS, version 20
(IBM; Armonk, New York) and MedCalc, version 14.12.0 (Ostend, Belgium).

Results
a) Patient characteristics:
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We enrolled 59 unique patients with SSc with a median (IQR) age of 59 (54-68) years, of whom 53 (90%)
were females. Limited cutaneous scleroderma was seen in 43 (73%). We allocated patients to one of four
groups, a) SSc without PH on RHC (n=8), b) SSc with no evidence of PH on screening tests (n=16), c)
treatment naïve SSc-PAH (n=16) and d) SSc-PAH on PAH therapies (n=19) (Table 1). Echocardiographic
evidence of moderate to severe RV systolic dysfunction was noted in about a third of patients with
PAH.PAH therapies included single, dual, and triple agents in 5 (26%), 6 (32%), and 8 (42%) of the
patients, respectively. Phosphodiesterase-5 inhibitors (PDE5-i) were given to 17 patients (90%), endothelin
receptor antagonists (ERA) to 12 (63%) and prostacyclin analogues to 11 (58%) patients, of whom 6
(32%) were on parenteral treatment. We noted similar use of CCB and the presence of systemic diseases
among groups (Table 1).

b) Thermal hyperemia and post occlusive reactive hyperemia:

Thermal hyperemia either absolute peak PU or percentage change was similar among groups (Table 2).
All the PORH determinations were similar among groups (Table 2).

c) Iontophoresis of vasoactive medications:

The response to Ach and SNP was not signi�cantly different among groups (Table 3). The response to
treprostinil was higher in SSc patients without PH on screening tests (peak PU: 30 (23-54), % change: 340
(214-781), % of max vasodilation: 16 (10-21)) compared with SSc-PAH (both treatment naïve or on
therapy) (peak PU: 16 (11-23) [p=0.003], % change: 153 (94-255) [p=0.01], % of max vasodilation: 7 (5-10)
[p=0.008]) (Figure 2, left panels). The AUC of peak PU, % change and % of maximum vasodilation to
discriminate between SSc patients without PH on screening test and SSc-PAH were 0.76 (0.62-0.87), 0.72
(0.58-0.84) and 0.74 (0.59-0.85), respectively (Figure 3, left panel). Pairwise comparisons among the three
AUC were not statistically signi�cant.

The response to A-350619 was signi�cantly higher in patients with SSc without PH by echo (peak PU: 20
(12-74), % change: 168 (46-1,296), % of max vasodilation: 9 (4-36)) than those with SSc-PAH (peak PU: 8
(6-10) [p=0.001], % change: 22 (15-57) [p=0.006], % of max vasodilation: 3 (2-4) [p<0.001]) (Figure 2, right
panels). The AUC of peak PU, % change and % of maximum vasodilation to discriminate between SSc
patients without PH on screening test and SSc-PAH were 0.82 (0.66-0.91), 0.75 (0.60-0.87) and 0.82 (0.68-
0.92), respectively (Figure 3, right panel). Pairwise comparisons among the three AUC were not
statistically signi�cant.

d) Association of cutaneous microvascular studies with clinical determinations.

Percentage change in PUs and percentage of maximal dilation during the iontophoresis of A350619
showed an inverse relation with NYHA functional class (R: -0.29, p=0.03 and -0.27, p=0.05, respectively)
and estimated right ventricular systolic pressure by echocardiogram (R: -0.39, p=0.006, R: -0.41, p=0.005,
respectively) with direct association with lung diffusion of carbon monoxide (R: 0.29, p=0.04, R: 0.33,
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p=0.02, respectively). The percentage change in PU with A350619 was directly associated with cardiac
index and stroke volume index (R: 0.36, p=0.03 and 0.39, p=0.02, respectively). 

Age, gender, race, body mass index, history of skin ulcers or renal crises, presence of ILD, SpO2, and
hemoglobin concentration were not signi�cantly associated with cutaneous microvascular
determinations.

Discussion
The study of the cutaneous microvasculature may provide insights into the pathobiology of PAH (9, 25)
by the ex-vivo evaluation of pathways involved in the disease process for which we have therapies.
Recent investigations showed that patients with SSc-PAH, compared with SSc without PAH, have more
pronounced systematic microvascular involvement, such as a higher prevalence of severe Raynaud
phenomenon (26), and reduced nailfold capillary density (27). In the present study, we tested the
response of the cutaneous microvasculature to a variety of stimuli in patients with SSc, intending to
determine whether subjects with SSc-PAH (treatment naïve or under PAH-speci�c treatment) have
different responses than SSc patients without PH (on RHC or noninvasive screening tests). We found that
the microvascular response to thermal hyperemia, PORH, Ach, and SNP iontophoresis were not
signi�cantly different between the groups. Interestingly, the response to treprostinil iontophoresis was
more than double in patients with SSc and no evidence of PH on noninvasive screening, when compared
to SSc patients with PAH or those who underwent RHC and were found not to have PAH. Furthermore, the
response to A-350619 (a sGC activator) was also signi�cantly higher in SSc patients without evidence of
PH on noninvasive screening tests and was inversely associated with severity of disease in SSc-PAH.

Prostacyclin is synthesized by the endothelial cytoplasmic prostacyclin synthase. Prostacyclin then
interacts with receptors in the vascular smooth muscle cells, increasing cAMP levels and causing
vasodilation (28, 29). Prostacyclin synthase is decreased in the lungs of patients with PAH (30), who also
have reduced urinary excretion of a prostacyclin metabolite (31). Furthermore, IP receptors are down-
regulated in animal models of PH (32) and in patients with PAH (33). We previously described an
abnormal microvasculature response with the iontophoresis of treprostinil in patients with idiopathic PAH
compared with controls (9). We now found that cutaneous treprostinil iontophoresis is also signi�cantly
reduced in patients with SSc-PAH compared to SSc patients without evidence of PH on screening.
Interestingly, patients with SSc who underwent RHC for suspicion of PH but did not have PH (i.e. mean
PAP < 20 mmHg), also had a reduced response to the iontophoresis of treprostinil. This reduced response
may re�ect an early degree of pulmonary vascular disease as noted by a higher estimated right
ventricular systolic pressure on echocardiography, a higher than normal PVR on RHC, and the fact that
one patient had PH on a RHC done a year after inclusion.

Nitric oxide is actively involved in the microvascular homeostasis (34). NO exerts its effect by stimulating
sGC, which is involved in the conversion of GTP to cGMP. The increase in cGMP is responsible for
pulmonary vasodilation (35). The NO pathway is affected in PAH (36), and there are 2 groups of therapies
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in the market that target this pathway, i.e. phosphodiesterase-5 inhibitors and an sGC stimulator. In our
study, we tested the effects on the cutaneous microvasculature of agents that enhance the NO pathway,
either by increasing its bioavailability (SNP: NO donor, Ach: increases the endothelial production of NO) or
its downstream activity (A350619: sGC activator). We did not �nd a signi�cant difference in the
microvascular response to Ach and SNP; however, there were pronounced differences in microvascular
response with the iontophoresis of A350619.

A350619 is an activator of sGC that had been previously shown to increase cutaneous perfusion in rats
using anodal iontophoresis (37, 38). This sGC activator works in a dose-dependent fashion with
maximum e�cacy in an NO rich environment (37). The failure of provoking pronounced vasodilation in
the presence of A350619 in patients with SSc-PAH could be linked to a diminished NO production or rapid
destruction (e.g. oxidative stress) before it reaches the sGC (39). Presumably, the iontophoresis of
A350619 would cause less vasodilation in a NO scarce environment. This might explain why we did not
see a difference in microvascular response in SSc patients with or without PAH when delivering Ach or
NPS by iontophoresis.

We did not �nd a difference among groups in the microvascular response to thermal hyperemia or PORH.
Thermal hyperemia causes vasodilation through complex mechanisms, including the activation of
neurosensory re�exes during the early peak phase and NO pathways (eNOS activation)(23) during the
late plateau phase (40). Thermal hyperemia causes maximum microvascular dilation and can be used as
a comparator for other microvascular responses (41–43), thereby reducing spatial differences in absolute
baseline and peak PUs during LDF measurement. The mechanisms involved in the post occlusive
reactive hyperemia are not well-identi�ed but include the release of ischemic induced metabolites like
adenosine, K+, myogenic, and axonal sensory re�exes (44) (45). A recent study showed that the peak �ow
following pressure release in patients with SSc is decreased compared to matched healthy controls (46)
but not between SSc and SSc-PAH patients as shown by our study.

These results represent a step towards improving PAH treatment selection for patients with SSc-PAH, by
testing the most prominent vasodilatory signaling pathways through cutaneous iontophoresis. Further
studies extending our preliminary �ndings are necessary to access whether an iontophoresis guided
method is better than the current risk-based approach.

Our study has limitations including a) relatively small sample size for each group of SSc patients,
especially for those that underwent RHC and had no PH, b) possible degree of overlap in the PH group,
e.g. some patients may have a combination of PAH (PH group 1) with PH due to lung diseases and/or
hypoxia (PH group 3) and c) it is unknown if some of the patients with no PH on RHC could have exercise
PH. In cases of overlap, the treating and a second physician (ART) agreed on the predominant driver of
the PH. Despite being a single-center cross-sectional study, this is the �rst study that comprehensively
tested the cutaneous microvascular response in patients with scleroderma with and without PAH.

Conclusions
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Patients with SSc-PAH have a lower cutaneous microvascular response to the prostacyclin analog
treprostinil and the sGC activator A-350619 when compared with SSc patients without evidence of PH on
echocardiogram. Further studies testing the value of using these mechanistic data in the treatment of
SSc-PAH are certainly needed.
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Table 1: Baseline characteristics
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  SSc
without
PAH (with
RHC)

SSc without
PAH
(without
RHC)

SSc-PAH
(treatment
naïve)

SSc-PAH
(on
treatment)

P (Fischer exact
test and Kruskal-
Wallis test).

  Median
(IQR), n (%)

Median
(IQR), n (%)

Median
(IQR), n
(%)

Median
(IQR), n
(%)

 

n 8 16 16 19  

Age (years) 55 (46-57) 58 (53-66) 66 (55-71) 64 (58-71) 0.05

Female gender 8 (100) 13 (81) 15 (94) 17 (90) 0.65

White race 6 (75) 14 (88) 14 (88) 16 (84) 0.85

Body mass index
(kg/m)

26 (22-29) 26 (20-29) 26 (24-33) 28 (24-30) 0.62

WHO functional class
III or IV

1 (13) 1 (6) 6 (38) 13 (68) 0.001

Type of SSc          

Limited 6 (75) 9 (56.3) 13 (81.3) 15 (88.2) 0.41

 Diffuse 1 (12.5) 4 (25) 2 (12.5) 2 (11.8)

Sine SSc 1 (12.5) 3 (18.7) 1 (6) 0 (0)

Hx of skin ulcers 2 (25) 10 (63) 11 (69) 9 (47) 0.20

Telangiectasia
presence

4 (50) 9 (56.3) 14 (87.5) 14 (73.3) 0.14

Hx of SSc renal crises 1 (14) 1 (8) 1 (7) 1 (5) 0.90

Raynaud’s syndrome 7 (87.5) 16 (100) 16 (100) 19 (100) 0.90

CCB treatment 3 (37.5) 7 (43.8) 6 (37.5) 8 (42.1) 0.98

PDE5 inh treatment 0 (0) 4 (25) 2 (12.5) 14 (73.7) <0.001

ARB treatment 1 (12.5) 1 (6.3) 1 (6.3) 2 (10.5) 0.92

SSRI treatment 1 (12.5) 3 (18.8) 2 (12.5) 3 (15.8) 0.96

ILD (presence) * 3 (38) 6 (38) 2 (13) 13 (68) 0.008

DM (presence) 1 (12.5) 4 (25) 1 (6.3) 2 (10.5) 0.44

HTN (presence) 3 (37.5) 6 (37.5) 6 (37.5) 6 (31.6) 0.97

PAD (presence) 0 (0) 0 (0) 2 (12.5) 1 (5.3) 0.37

ANA (positive) 8 (100) 15 (93.8) 14 (93.3) 18 (100) 0.62
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Anti-centromere Ab
(positive)

2 (25) 5 (31.3) 10 (66.7) 9 (50) 0.13

Anti-DNA
topoisomerase I (anti
Scl-70) Ab (positive)

1 (12.5) 5 (31.3) 0 (0) 0 (0) 0.01

Anti-RNA polymerase
III Ab (positive)

1 (12.5) 3 (18.8) 0 (0) 0 (0) 0.1

NT-pro BNP (pg/ml) 81 (68-
100)

116 (76-
188)

489 (249-
4,601)

793 (510-
1,950)

<0.001

Hemoglobin (g/dL) 14 (12-14) 13 (12-14) 13 (12-13) 12 (11-14) 0.10

DLCO (% of predicted) 53 (46-69) 77 (58-92) 41 (33-46) 33 (26-45) <0.001

SpO2 (%) 99 (97-99) 97 (96-97) 96 (94-98) 96 (95-97) 0.16

RVSP (mmHg) 40 (30-40) 26 (24-31) 64 (52-82) 71 (58-86) <0.001

RA (mmHg) 3 (1-5)   8 (4-10) 10 (7-10) 0.005

PAWP (mmHg) 5.5 (5-8.7)   11.5 (8.2-
12.7)

12 (8-14) 0.009

mPAP (mmHg) 15 (13-18)   35 (28-49) 46 (38-54) <0.001

CI (L/min/m2) 3.2 (2.8-
3.4)

  2.5 (2.1-
2.8)

3.0 (2.5-
3.5)

0.14

SVI (mL/m2) 35 (30-39)   34 (23-38) 42 (28-47) 0.09

PVR (Wood U) 1.8 (1.2-
2.1)

  4.5 (3.7-
13.0)

6.7 (4.8-
9.8)

<0.001

Abbreviations: Ab: antibodies, ANA: antinuclear antibodies, ARB: angiotensin receptor blocker, CCB:
calcium channel blocker, CI: cardiac index, DLCO: diffusion capacity of the lung for carbon monoxide,
DM: diabetes mellitus, HTN: systemic hypertension, ILD: interstitial lung disease, IQR: interquartile range,
mPAP: mean pulmonary arterial pressure, NT-pro BNP: N terminal-pro hormone brain natriuretic peptide,
PAD: peripheral artery disease, PAH: pulmonary arterial hypertension, PAWP: pulmonary arterial wedge
pressure, PDE5 inh: phosphodiesterase-5 inhibitors, PVR: pulmonary vascular resistance, RA: right atrium,
RHC: right heart catheterization, RNA: ribonucleic acid, RV: right ventricle, RVSP: right ventricular systolic
pressure, SSc: scleroderma, SSRI: selective serotonin reuptake inhibitor, SVI: stroke volume index, WHO:
World Health Organization. * < 20% �brosis on high resolution computed tomography of the chest or
forced vital capacity (FVC) >70%.

 

Table 2: Cutaneous microvascular testing with thermal hyperemia and PORH
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  SSc without
PAH (with
RHC)

SSc without
PAH (without
RHC)

SSc-PAH
(treatment
naïve)

SSc-PAH
(on
treatment)

P (Fischer exact test
and Kruskal-Wallis
test).

  Median
(IQR), n (%)

Median (IQR),
n (%)

Median
(IQR), n (%)

Median
(IQR), n
(%)

 

Thermal hyperemia

Baseline
electrode
temperature
(°C)

25.3 (24.6-
27.3)

26.8 (25.8-
27.6)

26.6 (26.1-
27.4)

27.6
(26.0-
28.8)

0.22

Baseline PU 24 (14-25) 21 (15-25) 19 (14-27) 16 (12-19) 0.35

Thermal
hyperemia
(peak PU)

307 (272-
499)

208 (193-
292)

248 (190-
307)

321 (181-
405)

0.16

Thermal
hyperemia (%
change)

2,049(1,005-
3,156)

1147 (842-
1458)

1,124(830-
1,686)

1,982
(1,275-
2,267)

0.06

Post occlusive reactive hyperemia

Baseline PU 20 (16-24) 19 (15-25) 18 (13-21) 19 (14-28) 0.92

Biological zero
PU

6.5 (0-11) 7 (6-9) 9 (7-11) 6 (0-9) 0.36

PORH (peak
PU)

70 (37-114) 81 (42-95) 72 (49-
124)

84 (66-
100)

0.87

PORH (%
change)

344 (139-
504)

286 (197-
421)

369 (207-
585)

316 (266-
452)

0.68

TR (seconds) 1.1 (0.8-2.6) 1.6 (0.6-2.5) 1.6 (0.7-
2.2)

1.4 (0.8-
2.1)

0.99

TH1 (seconds) 3 (2-5) 3 (2-5) 4 (3-6) 3 (3-4) 0.31

TM (seconds) 14 (4-16) 16 (5-32) 13 (8-18) 10 (5-13) 0.44

TH2 (seconds) 31 (4-36) 27 (9-36) 18 (10-24) 21 (14-33) 0.63

Abbreviations: IQR: interquartile range, PAH: pulmonary arterial hypertension, PORH: post-occlusive
reactive hyperemia, PU: perfusion unit, RHC: right heart catheterization, SSc: scleroderma, TH: thermal
hyperemia, TH1: time to half hyperemia, TH2: time to half recovery, TM: time to maximum perfusion, TR:
time to full recovery.

 

Table 3: Cutaneous microvascular testing with iontophoresis of Treprostinil, Ach, SNP, and A350619.
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  SSc without
PAH (with
RHC)

SSc without
PAH (without
RHC)

SSc-PAH
(treatment
naïve)

SSc-PAH
(on
treatment)

P (Fischer exact test
and Kruskal-Wallis
test).

  Median
(IQR), n (%)

Median (IQR),
n (%)

Median
(IQR), n (%)

Median
(IQR), n
(%)

 

Treprostinil iontophoresis

Peak PUs 12 (5-18) 30 (23-54) 16 (13-22) 16 (8-27) 0.008

Percentage
change in PUs

142 (25-
275)

340 (214-781) 150 (79-
237)

159 (94-
288)

0.04

Percentage of
maximum
dilation

4 (2-6) 16 (10-21) 7 (4-9) 7 (5-13) 0.003

Skin
resistance*

323 (230-
439)

411 (341-494) 388 (342-
487)

422 (352-
544)

0.28

Voltage* 6 (5-9) 8 (7-10) 8 (7-10) 8 (7-11) 0.28

Skin
temperature
(°C) *

28 (28-29) 29 (29-30) 29 (28-30) 29 (28-30) 0.12

Acetylcholine iontophoresis

Peak PUs 44 (21-46) 56 (25-69) 27 (21-32) 42 (19-56) 0.20

Percentage
change in PUs

572 (307-
840)

615 (256-
1213)

389 (281-
816)

551 (274-
968)

0.79

Percentage of
maximum
dilation

12 (5-15) 17 (13-30) 11 (8-15) 13 (10-17) 0.07

Skin
resistance*

188 (164-
218)

216 (187-250) 197 (189-
268)

219 (178-
256)

0.56

Voltage* 7 (7-9) 9 (7-10) 8 (7-11) 9 (7-10) 0.54

Skin
temperature
(°C) *

27 (26-29) 29 (28-29) 28 (27-29) 28 (28-29) 0.22

Sodium nitroprusside iontophoresis

Peak PUs 16 (12-20) 25 (16-42) 15 (8-56) 20 (15-33) 0.35

Percentage
change in PUs

228 (208-
435)

302 (169-536) 178 (66-
770)

308 (192-
500)

0.88

Percentage of
maximum
dilation

5 (3-7) 12 (7-16) 7 (3-31) 7 (4-11) 0.07
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Skin
resistance*

232 (185-
260)

232 (192-246) 240 (221-
266)

267 (207-
310)

0.61

Voltage* 10 (8-11) 9 (8-10) 10 (9-10) 11 (8-12) 0.60

Skin
temperature
(°C) *

27 (26-29) 28 (28-30) 28 (27-29) 29 (27-29) 0.21

A-350619 iontophoresis

Peak PUs 4 (3-5) 20 (12-74) 8 (5-10) 8 (7-10) 0.001

Percentage
change in PUs

25 (-12-32) 168 (46-1296) 26 (15-53) 18 (7-60) 0.03

Percentage of
maximum
dilation

1 (0.7-2) 9 (4-36) 3 (2-5) 3 (2-4) <0.001

Skin
resistance*

89 (84-101) 111 (85-135) 106 (95-
138)

113 (96-
158)

0.21

Voltage* 9 (8-10) 11 (8-14) 10 (9-13) 11 (9-14) 0.41

Skin
temperature
(°C) *

28 (27-29) 29 (28-29) 28 (27-29) 9 (28-29) 0.18

Abbreviations: Ach: Acetylcholine, IQR: interquartile range, PAH: pulmonary arterial hypertension, PU:
perfusion unit, RHC: right heart catheterization, SNP: sodium nitroprusside, SSc: scleroderma. * Measured
at 1 minute of initiating iontophoresis.

Figures
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Figure 1

Cutaneous iontophoresis of the vasoactive medications and their effect through PGI2 and NO pathways
in SSc-PAH patients. Treprostinil works on several receptors but IP receptors are depicted in the �gure. A-
350619 exerts its effect by activating sGC. Ach works on activating eNOS by increasing intracellular
calcium through M3 muscarinic receptors. SNP is a NO donor. Abbreviations: AC: adenylate cyclase, Ach:
acetylcholine, ATP: adenosine triphosphate, cAMP: cyclic adenosine monophosphate, cGMP: cyclic
guanosine monophosphate, EC: endothelial cell, eNOS: endothelial nitric oxide synthase, GTP: Guanosine-
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5'-triphosphate, IP: prostacyclin receptor, IP3: inositol 1, 4, 5-trisphosphate, NO: nitric oxide, PLC:
phospholipase C, ROS: reactive oxygen species, sGC: soluble guanylate cyclase, SMC: smooth muscle
cell, SNP: sodium nitroprusside.

Figure 2

Boxplot of peak PUs, PU percentage change, and PU percentage of maximum thermal hyperemia during
the iontophoresis of treprostinil (left panels) and A350619 (right panels) in SSc without PH on screening
and SSc-PAH patients. Abbreviations: PU: perfusion unit, SSc: scleroderma, SSc-PAH: scleroderma-
associated pulmonary arterial hypertension.
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Figure 3

ROC curve of peak PU, PU percentage change, and PU percentage of maximum thermal hyperemia for the
iontophoresis results of treprostinil (panel A) and A350619 (panel B). The discriminatory variable was the
presence of SSc-PAH. AUC results are provided in the text. Abbreviations: PU: perfusion unit.


